The durability of air plasma sprayed (APS) thermal barrier coatings (TBCs) with NiAl bond coats with/without Lu/Hf doping was investigated under thermal cycling at 1150 °C , and compared with the conventional NiCoCrAlY sample. The oxidation kinetics, microstructure evolution and surface roughness of the bond coats were characterized and the cycle lifetime measured. The TBC with the NiAl bond coat exhibited a lifetime of 456 h, which was comparable with the NiCoCrAlY sample (480 h). By contrast, the NiAl-Lu/Hf TBC showed a two or three fold enhanced lifetime, i.e., 840 h and 1248 h, respectively. It is proposed that the enhanced lifetime is a result of combination of decreasing of the oxidation rate and retention of the interfacial toughness. The APS NiAl bond coat with Lu/Hf doping has a great potential for TBCs designed for higher temperature applications.
Introduction
Thermal barrier coatings (TBCs) are commonly used in the hot-sections of gas-turbine engines to protect the superalloy components from high temperature and improve the efficiency of the engines [1] [2] [3] [4] . A typical TBC system consists of a ceramic top coat and an intermediate metallic bond coat deposited on a superalloy substrate. The bond coat is arguably the most crucial component of the TBC system, which influences the TBC durability by multiple ways [5] [6] [7] . Firstly, its chemistry and microstructure determine the structure, growth rate and adherence of the thermally grown oxide (TGO) formed as it oxides. Secondly, system performance is linked to its creep and yield characteristics [6, 8] . The conventional bond coat is MCrAlY (M: Ni, Co or both), usually consisting of two phases (β-NiAl and either γ-Ni solid solution or γ'-Ni 3 Al), which can realize long-term operation below 1100 °C. However, as the turbine-inlet temperature continues to rise, this material cannot fully meet the demand due to accelerated thickening and cracking of the TGO that finally results in TBC failure [9, 10] .
Recently, β-NiAl, considered as a promising candidate material replacement for MCrAlY, has attracted increasing attention due to its good isothermal oxidation resistance, high strength, high melting point (1638 °C ), low density and low cost [11] [12] [13] . However, the TGO formed on NiAl spalls readily during thermal cycling due to its poor adherence, which impedes its applications. To improve the TGO adherence, a thirdly additional element is essential, particularly reactive elements (REs), such as Hf, Zr, Y [14] [15] [16] [17] [18] . These traditional REs, as well as their oxide dispersions in Ni-Al alloys or coatings have been extensively studied and shown that trace RE addition (0.05~0.5 at.%) can significantly improve the TGO adherence. More recently, as a broader effort to seek a potential doping element which is more effective than the existing system, the effect of lanthanides was investigated. For example, Guo et al. [10, 19] reported that Dy significantly improved the TGO adherence of NiAl bond coat in electron beam physical vapor deposited (EB-PVD) TBCs. It was also reported that Lu could substantially improve the oxidation resistance of NiAl alloy by preventing S segregation and void formation at the TGO/alloy interface [20] .
Plasma spray, such as air plasma spray (APS), as an economic and versatile method, is widely applied in the fabrication of metallic bond coats (e.g., MCrAlY) [5, 21] . As NiAl is a very stable compound, APS method is also considered for its deposition.
However, NiAl bond coat deposited by APS has been rarely reported [22, 23] .
Compared with MCrAlY, deposition of NiAl by APS is more challenging. Firstly, the high content of oxide inclusions formed during high temperature spraying deteriorates the oxidation performance of NiAl. Secondly, the brittleness of NiAl at ambient temperature may affect the adherence with superalloy substrate. However, as will be shown in this work, with optimized processes and parameters, the TBC with Lu/Hf-doped NiAl bond coat show significantly enhanced durability compared with that with the conventional NiCoCrAlY bond coat.
The objective of this work is to develop an economic, high performance bond coat applied in industrial gas turbines. For this purpose, APS TBCs with different bond coats, i.e. NiAl, NiAl-Lu and NiAl-Hf, were prepared using the powder made through arc-melting and ball milling. In addition, the TBC with a conventional NiCoCrAlY bond coat was also fabricated for comparison. All the samples were tested under the same condition (thermal cycling at 1150 °C ) and the TBCs lifetimes were evaluated based on the spallation degree after thermal cycling. The oxidation kinetics, microstructure evolution and surface roughness of the bond coats were investigated and discussed in related to final failure of the TBCs.
Experiment

Materials and sample preparation
In this work, the NiAl bond coat is stoichiometric (50:50 in atomic ratio), and the two RE-doped ones are Ni-49.7Al-0.3Hf and Ni-49.7Al-0.3Lu (all in at.%). The materials were obtained by arc-melting, and then annealed at 1200 °C for 100 h in argon flow to homogenize the composition. The necessary powders for coating deposition were obtained by crushing and milling the bulk obtained from arc-melting in a planetary ball mill, and then sieved to the range of 40-110 m.
A supersonic air plasma spray (SAPS) system (Model: HEPJ-Ⅱ; National Key Laboratory For Remanufacturing, Beijing, China) was used for coating deposition.
The feedstock powder was radially injected into the plasma jet by an internal injection port with an inlet diameter of 2 mm inside a laval nozzle [24, 25] Carrier gas flow rate (SLPM) 5 5.8
Gun speed (mm/s) 800 800
SLPM=Standard litres per minute
The rmal cycling test
The samples were cut into plates with a dimension of 15×15 mm 2 . To examine the durability of the TBCs, a 24-hour thermal cycling was conducted at 1150 °C in a chamber furnace at atmosphere environment, which consisted of 10-minute heating-up to 1150 °C , 23.5-hour dwelling at 1150 °C and followed by 20-minute air-cooling [24, 26] . The samples were removed after each cycle inspected for integrity and reinserted into the furnace. For each TBC system, twelve sliced pieces were used, six were subjected to failure (donated as the spallation of 20 % of the TBC), and the others were removed after required cycles for characterization of microstructure evolution.
Characterization
The morphology and microstructure of the samples were observed using an optical microscope (BX51M, Olympus) and a scanning electron microscope (SEM, Inspect F50, FEI). The phase composition and element distribution were analyzed by an energy-dispersive spectroscope (EDS, Rontec).
The TGO thickness (including Al 2 O 3 and spinel oxide) was examined using backscattered SEM (BSE) images taken on the polished cross-sections. The average thickness was obtained by measurements at 50 equidistance points distributed over the length of the cross-sections with a step size of 20 μm.
The area fraction of the internal oxide within the bond coat was quantified by image analysis using ImageJ software [27] . All the images were taken on the cross-sections in BSE mode, and at least six randomly selected areas (~135×300 m 2 ) were analyzed for each sample. The TGO layer at the bond coat/TBC interface was not taken into account in measurement of the internal oxide.
The top coat/TGO interface roughness was quantified by image analysis of cross-sectional SEM micrographs. For roughness analysis, the coordinates of the top coat/TGO interface, y(x), for each cross-section were recorded at 5-um intervals along the x-axis and leveled by zeroing the mean height, y =0. The detailed description of this method can be found elsewhere [28] . The interface roughness was characterized by the commonly used parameter, i.e., arithmetic average height, Ra. For each specimen, five images with a magnification of 2000×were analyzed. Fig. 1 shows the microstructures of the as-received TBCs after vacuum heat treatment.
Results
Microstructure evolution of the bond coats
The thicknesses of the bond coats (~135 m) and top coat (~200 m) for all the samples were roughly the same. The porosity of the top coat was 9.3±2.1 %, relatively lower than typical APS ones (15~25 %) [1] , due to the higher particle fight velocity of the SAPS system (>400 m/s) than typical APS systems (130-300 m/s) [25, 29] . All the bond coats exhibited a splat microstructure as typical APS coatings, which were characterized by the presence of oxide stringers and voids at the splat boundaries [30] . Table 2 . During thermal exposure, oxidation occurred not only at the bond coat/top coat interface (termed as "TGO"), but also at the open pores between the poorly melted splats within the bond coat (termed as "internal oxidation") [27, 31] . The oxidation of the bond coat resulted in Al depletion, which was also promoted by interdiffusion between the bond coat and superalloy substrate due to the composition gradient [32] [33] [34] . As a result, phase transformation occurred in the bond coat, i.e., from Al-rich phase to Ni-rich γ or γ'
(Ni 3 Al) phase. In the as-received state, only phase existed in the NiAl(-Lu/Hf) bond coat ( Fig. 2 ), while γ' phase appeared after thermal cycling (Fig. 3 ). As shown in Fig. 3a and e, after 8 thermal cycles, phase in the NiAl bond coat had almost transformed to γ' phase.
However, for the NiAl-Lu/Hf bond coat, this phenomenon was not obvious. For example, γ' phase only existed along the grain or splat boundaries in the NiAl-Hf bond coat, except the diffusion zone near the bond coat/superalloy interface.
Compared with the NiAl-Hf bond coat, the extent of phase transformation in the NiAl-Lu bond coat was slightly higher, where some large areas transformed to γ' phase. Such difference could be attributed to the difference in the oxidation behavior.
In addition, the phase in the NiCoCrAlY bond coat changed to γ phase due to its original low Al content, as clearly shown in Fig.3 and Table 2 . 
Inte rnal oxidation of the bond coats
For plasma sprayed metallic bond coats exposed to high temperature, internal oxidation is an inevitable phenomenon, which may influence the durability of TBC systems [27, 30, 35] . As shown in Fig. 3 , after 8 cycles, internal oxidation occurred in all the bond coats. Fig. 4 presents the internal oxidation behavior of the NiAl bond coat and the area fractions of the internal oxide for all the samples as a function of cycle number. For measurement, the TGO layer at the bond coat/top coat interface was not taken into account, and for simplicity, the "internal oxide fraction" refers to area fraction of the dark contrast areas including the oxide and possible pores within the bond coat [27, 30] . Initially, all the bond coats included a certain amount of oxide and pores (6~8 %) due to in-flight oxidation during plasma spraying. It should be noted that the as-received bond coats were relatively denser than typical APS ones, mainly due to: (a) the higher particle flight velocity o f the SAPS system, (b)
densifying by the vacuum heat treatment [30] . For all the samples, the internal oxide fraction increased as the cycle number increased. The internal oxide fraction in the NiAl bond coat increased almost linearly as the cycle number increased, while approximately followed a parabolic law for the other bond coats. After 17 thermal cycles, the internal oxide fraction in the NiAl bond coat was up to ~35 %, while that in the other bond coats were much lower (15~19 %), which were in the order:
NiAl>NiCoCrAlY>NiAl-Lu>NiAl-Hf. For typical APS bond coats, internal oxide preferentially forms along the oxide stringers, with some randomly distributed areas of concentrated oxide at regions of multi-plat boundaries and smaller splattered splats [30] , as well as the case for the NiAl-Lu/Hf and NiCoCrAlY bond coats. However, for the NiAl bond coat, a large amount of concentrated oxide formed during thermal cycling, which was responsible for its severest internal oxidation. As shown in Figs. 1 and 2 , the microstructure of the bond coats were similar due to the identical preparation parameters, so the difference in the extent of internal oxidation should be attributed to the bond coat composition.
As evidenced in Fig. 3 and 4, the internal oxide formed in the RE-containing bond coats (NiAl-Lu, NiAl-Hf and NiCoCrAlY) exhibited a dense microstructure with an amount of RE(Lu, Hf and Y)-rich oxide precipitates. However, the internal oxide in the NiAl bond coat showed a non-uniform microstructure with a lot of pores and cracks (Figs. 3e and 4). It is supposed that the severe internal oxidation of the NiAl bond coat was due to the crack generation in/around the oxide, which provided rapid transport paths for oxygen, leading to accelerated internal oxidation. The internal oxidation of the bond coat resulted in volume expansion, leading to generation of compressive growth stress in the oxide [27] . Upon cooling to room temperature, the oxide growth stress, accompanied with the mismatch stress of thermal expansion, could lead to crack generation in the oxide. Considering that NiAl is a brittle material at room temperature, cracks may even generate in the NiAl material around the internal oxide. For the RE-containing bond coats, as the internal oxide was slo wly growing and adherent, cracks formation would not was greatly reduced. It reasonably suggests that RE could suppress the internal oxidation of bond coat by forming slowly growing and adherent oxide, as well as the instance for the TGO formed on the bond coat surface, which has been intensively reported [20, 36, 37] .
The TGO growth rate
The TGO, formed at the bond coat/top coat interface, is widely believed to be a major factor on the durability of TBCs [1, 5, 38] . Previous studies demonstrated that the TGO formation has a larger effect on the durability of TBCs with denser top coat, due to its lower train tolerance [24, 39] . As described above, the porosity of the as-received top coat was lower than typical APS ones. For this reason, attention is focused on the influence of bond coat composition on the TGO formation in this section. Fig. 5 shows the thicknesses of the TGO (including Al 2 O 3 and spinel oxide)
formed on the bond coats as a function of cycle number. The TGO growth rate for the NiAl bond coat was highest, which had an average thickness of ~10.5 m after 17
cycles. With Lu/Hf doping, the oxidation rate of the NiAl bond coat was reduced. For example, the NiAl-Hf bond coat exhibited a lowest TGO growth rate (~7 m after 17 cycles), and that of the NiAl-Lu was slightly higher (~8.5 m). This result was consistent with previous studies on the Lu/Hf doped-NiAl alloys, in which both Lu and Hf addition decreased the TGO growth rate [20] . For the NiCoCrAlY bond coat, though containing Y, it showed a high oxidation rate (~9.6 m after 17 cycles). This was due to the formation of spinel oxide which grows more quickly than Al 2 O 3 [40] , as evidenced in Fig. 3 . Compared with NiAl (31.5 wt.% Al), NiCoCrAlY has a relative lower Al concentration (12 wt.%), which tends to form Ni/Cr-rich oxide (spinel) as the quick Al depletion [41, 42] . The detailed examination of the TGO microstructure is presented in Fig. 6 . For the NiAl-Lu/Hf bond coat, the TGO exhibited a dense microstructure with a lot of Lu/Hf-rich oxide precipitates. However, for the NiAl and NiCoCrAlY bond coats, a large amount of pores and cracks existed within the TGO or at the interface between the TGO and the bond coat or YSZ top coat. These defects provided rapid transport paths for oxygen, which resulted in a higher oxidation rate. 
Compared with the NiAl and NiCoCrAlY TBCs, the lifetimes of the NiAl-Lu and
NiAl-Hf TBCs were significantly extended. For example, the TBC lifetime with the NiAl-Hf bond coat was more than 2.5 times that with the NiCoCrAlY bond coat (52±2 cycles), and that with the Nile-Lu bond coat was also substantially enhanced (35±2 cycles). In addition, a clear correlation between the TBC lifetime and the TGO growth rate was confirmed, i.e., the TBC lifetime decreased with a increase in the TGO growth rate. For example, the NiAl TBC exhibited the highest TGO growth rate, while had a shortest lifetime; and the longest lifetime was found in the NiAl-Hf TBC, which had the slowest TGO growth rate. Fig. 7 The TBC lifetime (24-hour cycle) vs. the TGO thickness upon failure, illustrating a clear correlation that the TBC lifetime decreased with a increase in the TGO growth rate.
Evolution of the top coat/TGO interface roughness
It is widely accepted that the top coat/bond coat interface roughness plays a key role in APS TBC's lifetime [28, 43] . During thermal exposure, the top coat/bond coat interface roughness would increase, mainly due to rumpling of the bond coat surface along with the TGO layer. Heusler-forming elements significantly improve the creep resistance of NiAl [45, 46] .
In Fig. 2 , it was found that the distributions of Lu and Hf in NiAl were different, where Lu primarily situated within the grains as granular precipitates, while Hf mainly existed along the splat and grain boundaries. However, it is difficult to determine the influence of Lu/Hf-precipitates distributions on the creep resistance of the NiAl bond coat, as the creep mechanism of NiAl is strongly dependent on temperature and stress [45] . In addition, with Lu/Hf doping, the TGO growth rate of the NiAl bond coat was also decreased, which might result in a lower TGO growth stress, thus decreasing the rumpling driving force.
The failure mode of the TBCs
The above results confirm that the chemistry of the bond coat has a significant influence on the TBC's lifetime, so it is of great necessity to examine the influence of bond coat chemistry on the mode of TBC's failure. Fig. 9 shows the top surface optical micrographs of the failed TBCs, and their oxide structures and distributions are presented in Fig. 10 . Cross-sectional micrographs of the TBCs when interface delamination occurred are presented in Fig. 11 . It is visible that the failure positions of the TBCs with different bond coats were in large differences. For the NiAl TBC, a large a mount of cracks and pores existed in the TGO, which provided preferred positions for interfacial separation. For the NiCoCrAlY TBC, typical repeated cracks formed in the TGO due to repeated cracking and growth, which are commonly observed on the plasma sprayed TBCs with MCrAlY-type bond coats [47] . For the NiAl-Lu TBC, interfacial delamination primarily occurred in the TGO and at the TGO/top coat interface.
Though the details in the failure behavior of these three TBCs were slightly different, they all primarily failed in the TGO. However, for the NiAl-Hf TBC, the situation was totally different that delamination primarily occurred in the top coat rather than in the TGO, which is clearly shown in Figs. 11 and 12. In conclusion, the failure positions of the TBCs were significantly influenced by the bond coat compositions, i.e., the longer lifetime TBCs tended to fail in the top coat (NiAl-Hf) or at the TGO/TBC interface (NiAl-Lu), while the shorter lifetime ones preferred to fail in the TGO or at the bond coat/TGO interface (NiAl and NiCoCrAlY). 
Discussion
The results presented here demonstrate that the bond coat chemistry has a significant influence on the performance of APS TBC system. According to the established theory, the primarily driving force for TBCs failure mainly comes from the mismatch stresses induced by the difference in the coefficients of thermal expansion (CTE) between the components. However, the manner in which these stresses are relaxed depends on the specific materials properties and thermal history (isothermal or cycled) [5, 48] .
Delamination at the bond coat/TGO interface occurs when the stored strain energy release rate G , exceeds the interfacial fracture toughness,
BC / TGO)
 （ . For a thin TGO layer of thickness h on a thick substrate, the associated energy release rate is [5, 6] :
where E and v are the Young' modulus and Poisson' ratio of the TGO respectively, and o  the stress induced by the CTE mismatch, which is approximately [49] :
where   is the difference in the CTE between the TGO and the substrate, and
is the temperature drop upon cooling. Assuming the elastic strain energy density is constant through the thickness, the driving force scales linearly with the TGO thickness h , and hence parabolically with the oxidation time, t . During thermal cycling, a rapid growing TGO is suggested to accelerate the accumulation of delamination driving force. In addition, as the TGO thickens, the nature of the stresses at the bond coat/top coat interface reverses, due to a phenomenon known as stress-conversion, leading to crack initiation in the top coat at regions above the valleys [50, 51] , as evidenced in Fig. 11 .
On the other hand, the bond coat/TGO interfacial toughness, decreases with the increase of the exposure time as the impurities segregate to the interface and the imperfections grow [6, 49, 52] . This is due to the sensitivity of the interfacial toughness to impurity elements in the bond coat and substrate which diffuse to the bond coat/TGO interface and/or are incorporated into the TGO. For example, some nonmetallic impurities, especially S, diffuse rapidly to the bond coat/TGO interface at high temperature, which accelerate the formation of interfacial pores, leading to degradation of interfacial toughness [36, 37] . While the harmful effect of S can be effectively eliminated by the presence of REs, such as Hf, Lu, which prevents S from segregating to the interface by tying up S in stable compounds [20, 37] . As evidenced in The situation is envisaged in Fig. 13a , which is a schematic illustration of the evolution of the delamination driving force G and the interfacial toughness decreases -rapidly for the NiAl and NiCoCrAlY TBCs, but slowly for the NiAl-Lu and NiAl-Hf ones. As the TBC system is exposed and cycled, the driving force eventually exceeds the interfacial toughness, leading to final failure. This mode can well explain the failure pattern that primarily occurs at the bond coat/TGO interface, which is mainly associated with the TGO growth and degradation of the interface toughness. For example, both experiment results and Fig. 11a confirm a clear correlation between the TBC lifetime and the TGO growth rate, i.e., the TBC lifetime decreased with a increase in the TGO growth rate. As a result, the TBCs failed with different TGO thicknesses, i.e., the longer lifetime TBC failed with a smaller TGO thickness, and vice versa (Fig. 7) . , the TBC failure occurs [53] . The rumpling delamination driving force, Rumpling G , can be expected as follow [6] :
where
is the elastic modulus of the top coat and L is the undulation wavelength) and B is a constant, which decreases with increasing bond coat yield strength and creep resistance, and increases with increasing TGO growth stress and bond coat CTE [53] . In section 3.5, it was found that the rumpling rate of the bond coat surface was mainly affected by the mechanical properties of the bond coat. Compared with NiCoCrAlY, NiAl has lower yield strength and creep resistance at elevated temperature, which results in a rapid increase of rumpling delamination driving force for the TBCs with NiAl-type bond coats.
Unlike the toughness at the bond coat/TGO interface, the top coat toughness, top coat   is supposed to be a constant with the exposure time [6] . The situation is then envisaged in Fig.11b , where the TBC lifetime can be predicted as the intersection of the rumpling delamination driving force curve with the top coat toughness curve.
By comparing the time dependence of the two failure mechanisms in Fig.13b , the measured TBCs lifetimes can be rationalized and the related failure modes can be understood. For example, the NiCoCrAlY TBC exhibited a lowest increasing rate of interface roughness, while its lifetime was shorter due to the poor TGO adherence and high TGO growth rate. In addition, both the NiAl-Lu and NiAl-Hf TBCs possessed high toughness at the bond coat/TGO interface, while large differences in their failure modes and lifetimes were found, which were mainly attributed to the difference in their TGO growth rates. Compared with the NiAl-Lu TBC, the NiAl-Hf TBC had a lower TGO growth rate (Fig. 5) , which decreased the tendency of failure in the TGO, and as the cycle number increased, the NiAl-Hf TBC primarily failed in the top coat due to bond coat rumpling (a 18.2% increase in interface roughness).
In fact, there are several other factors which may influence the TBCs durability, e.g., the CTE and internal oxidation of the bond coat. Compared with NiAl, the NiCoCrAlY has a higher CTE [44] , which might result in a higher stress in the vicinity of the TGO upon cooling, thereby promoting the crack initiation and and nitridation, which has been demonstrated by previous studies [54, 55] . An effective approach to overcome base material oxidation while maintaining high bond coat roughness required for the TBC-adhesion is the use of double-layered bond coats [27, 43] . For example, Nowak et al. [43] demonstrated that the lifetime of APS TBCs with HVOF bond coat can be substantially extended by application of a thin APS "flashcoat" layer onto the base HVOF bond coat. To further extend the lifetime of APS TBC system, a double-layered bond coat, i.e., an inner HVOF layer (NiCoCrAlY and NiAl) and an outer APS layer (NiAl-Hf) need be prepared and studied in future. 
Conclusion
In this study, the oxidation performance and durability of APS TBCs with different bond coats were investigated. The main conclusions can be drawn as follows:
(1) Compared with the TBC with conventional NiCoCrAlY bond coat, the NiAl TBC has a comparable lifetime. Doping Lu/Hf into the NiAl bond coat significantly extended the TBC lifetime. For example, the TBC lifetime with the NiAl-Hf bond coat is more than 2.5 times that with NiCoCrAlY bond coat, and that of the NiAl-Lu sample is also substantially enhanced.
(2) The NiAl bond coat suffered severe internal oxidation, which was much less obvious for the RE(Lu, Hf and Y)-containing bond coats. It is suggested that RE could suppress the internal oxidation of the bond coat by forming slowly growing and adherent oxide, as well as the case for the TGO formed on the bond coat surface.
(3) The significant enhancement of TBC lifetime with the NiAl-Lu/Hf bond coat is attributed to the combination of decreasing of the TGO growth rate and retention of the interfacial toughness, both of which are ascribed to the beneficial effects of RE.
(4) To extend the TBC lifetime, improving the TGO spallation resistance is the first importance. While for the TBC systems already possessing high TGO spallation resistance, it may be more important to decrease the rumpling rate than to further improve the TGO adherence.
